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PURPOSE OF REPORT 


tuic ciKiAi report PPFSENTS THE RESULTS OF AN ELECTRICAL ACTUATION (ELA) SYSTEM 
Stow NASA STRATEGIC AVIONICS TECHNOLOGY DEFINITION 
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INTRODUCTION 


• ROCKWELL ELA TASKS 

• OBJECTIVES 

• RESPONSIBILITY 

• STATUS AND ACCOMPLISHMENTS 

• SUMMARY OF RESULTS 




Rockwell Intern a tion a l 

Space Systems Division 


ROCKWELL 1993 ELA TASKS 
(NASA STATEMENT OF WORK) 


TA3-1. ELECTRICAL ACTUATION (ELA) SYSTEMS 

TA3-1 A. ELA SYSTEM TRADES AND BASELINE SELECTION. PERFORM THE FOLLOWING 
TRADE STUDIES AND BASELINE SELECTION TASKS: 

A1. ELA TECHNOLOGY DEMONSTRATION TESTING 

CONTINUE TO SUPPORT THE ELECTRICAL ACTUATION (ELA) DEMONSTRATION 
TESTING AT NASA - SELECTED FACILITIES. THE CONTRACTOR WILL: (A) 
DEVELOP AND COORDINATE TEST PLAN, (B) PERFORM INDEPENDENT REVIEW 
AND ASSESSMENT OF TEST DATA, AND (C) DOCUMENT AND COORDINATE THE 
TEST RESULTS WITH THE PARTICIPATING NASA ORGANIZATIONS SUCH AS 
MSFC AND LERC. 

A2. ELA SYSTEM POWER EFFICIENCY AND REQUIREMENTS 

PERFORM SYSTEMS ENGINEERING DEFINITION OF ELA POWER SOURCE 
LOSSES AND REQUIREMENTS FOR SHUTTLE/ORBITER AND SHUTTLE-DERIVED 
VEHICLES. THE CONTRACTOR WILL: (A) DEFINE AN ELA BASELINE USING 
THE SPACE SHUTTLE AS AN EXAMPLE VEHICLE, (B) DETERMINE POWER AND 
ENERGY REQUIREMENTS FOR THE SHUTTLE EFFECTOR SYSTEMS, (C) 
DETERMINE POWER EFFICIENCY AND LOSSES OF THE ELA SYSTEM EQUIPMENT 
(POWER SOURCE, ACTUATORS AND CONTROLLERS), AND (D) DOCUMENT THE 
STUDY RESULTS. 
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OBJECTIVES 


• TASK A1. ELA TECHNOLOGY DEMONSTRATION TESTING 

• CONFIRM ADEQUATE STABILITY AND PERFORMANCE OF ELA SYSTEM FOR AEROSPACE 
APPLICATIONS. 

• OBTAIN TEST DATA TO UPDATE ELA MATH MODELS FOR FAILURE-DETECTION-ISOLATION 
(FDI) AND REDUNDANCY • MANAGEMENT (RM) ANALYSES. 

. TASK A2. ELA SYSTEM POWER EFFICIENCY AND REQUIREMENTS 

• DEFINE AN EXAMPLE BASELINE FOR AEROSPACE ELA SYSTEMS. 

• ESTABLISH METHODS FOR DETERMINATION OF ELA SYSTEM POWER EFFICIENCY, 
LOSSES AND REQUIREMENTS. 

• DETERMINE EXAMPLE POWER REQUIREMENTS, EFFICIENCY AND LOSSES FOR ELA 
SYSTEMS IN AEROSPACE VEHICLES. 
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RESPONSIBILITY 


TASK A1. ELA TECHNOLOGY DEMONSTRATION TESTING 
RESPONSIBLE ENGINEER: W. A. McDERMOTT 

TASK A2. ELA SYSTEM POWER EFFICIENCY AND REQUIREMENTS 
RESPONSIBLE ENGINEERS: B. T. F. LUM AND C. L. POND 


Rockwell In t ern a tional 

Space Systems Division 
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STATUS AND ACCOMPLISHMENTS 



TASK A1 ELA TECHNOLOGY DEMONSTRATION TESTING ^ __ mnn 
• NO TEST SUPPORT WAS REQUIRED DURING THE REPORT PERIOD. 


TASK A2. ELA POWER EFFICIENCY AND REQUIREMENTS 


x nii» — 

reviewed the requirements for space shuttle effector systems. 

PERFORMED PRELIMINARY ELA TRADES AND SELECTION. 

SfL^R^ ° F P0WER ' 


8 
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SUMMARY OF RESULTS 


• SECTION 2 PRESENTS THE STATUS AND RESULTS OF A CONTINUING SUPPORT TO NASA ELA 
TECHNOLOGY DEMONSTRATION TESTING. 

• SECTION 3 PRESENTS THE ELA SYSTEM CONCEPTS, COMPONENT TRADES AND BASELINE 
SELECTION, USING THE SPACE SHUTTLE AS AN EXAMPLE VEHICLE. 

• SECTION 4 PRESENTS THE METHODS, DATA AND RESULTS FROM THE DETERMINATION OF 
POWER AND ENERGY REQUIREMENTS FOR THE SHUTTLE EFFECTOR SYSTEMS. 

• SECTION 5 PRESENTS THE METHODS, DATA AND RESULTS FROM THE DETERMINATION OF 
POWER EFFICIENCY AND LOSSES OF ELA SYSTEM EQUIPMENT (POWER SOURCES, ACTUATORS, 
CONTROLLERS AND EFFECTORS). 

• SECTION 6 PRESENTS THE METHODS, DATA AND RESULTS FROM THE DETERMINATION OF POWER 
AND ENERGY REQUIREMENTS OF ELA POWER SOURCES. 

• SECTION 7 PRESENTS THE STUDY CONCLUSIONS AND RECOMMENDATIONS. 
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2.0 ELA TECHNOLOGY DEMONSTRATION TESTING 



STATUS AND RESULTS OF ELA TECHNOLOGY DEMONSTRATION TESTING 


• NO TEST SUPPORT WAS REQUIRED DURING THE REPORT PERIOD. 


* 
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3.0 ELA SYSTEM BASELINE 


0L% Rockwell International 
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ELA BASELINE FOR SHUTTLE EFFECTOR SYSTEMS 


• EFFECTOR SYSTEM DESCRIPTION 

• ELA SYSTEM CONCEPTS 

• ELA TRADES AND SELECTION 

• EXAMPLE ELA BASELINE 




Rockwell International 

Space Systems Division 
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EFFECTOR SYSTEM DESCRIPTION 


Page 1 


. THE FLIGHT-CONTROL EFFECTORS IN THE SPACE SHUTTLE ARE DEPICTED IN CHART 16. 
THESE EFFECTORS ARE: 

• GIMBALLED SOLID ROCKET MOTORS (SRM’S), SPACE SHUTTLE MAIN ENGINES (SSME’S) 
AND ORBITAL MANEUVERING SYSTEM (OMS) ENGINES FOR THRUST VECTOR CONTROL 
(TVC), 

• AEROSURFACES (ELEVONS, RUDDER, SPEEDBRAKE AND BODYFLAP) FOR ATMOSPHERIC 
FLIGHT CONTROL, AND 

• AUXILIARY CONTROLS WHICH INCLUDE SSME PROPELLANT VALVES, EXTERNAL-TANK 
(ET) UMBILICAL RETRACTS, BRAKES, NOSEWHEEL STEERING, AND NOSE AND MAIN 
LANDING GEAR UPLOCKS AND STRUTS. 

THE SRM-TVC EFFECTORS ARE IN THE SOLID ROCKET BOOSTERS (SRB’S). THE OTHER 
EFFECTORS ARE IN THE ORBITER. 


• EXCEPT FOR THE OMS-TVC, THE SHUTTLE EFFECTORS ARE PRESENTLY DRIVEN BY HYDRAULICS. 
THE OMS-TVC IS DRIVEN BY ELA. THE PROPOSED CHANGE IS TO REPLACE ALL THE SHUTTLE 
HYDRAULIC EFFECTOR SYSTEMS WITH ELA. STUDIES AT NASA AND ROCKWELL TO-DATE 
INDICATE THAT REPLACEMENT OF AUXILIARY POWER UNITS (APU’S) AND HYDRAULICS IN 
THE SHUTTLE ORBITER WITH ELA WOULD IMPROVE SAFETY, RELIABILITY, WEIGHT, OPERATIONAL 
COST, TURNAROUND TIME AND VEHICLE HEALTH MONITORING. 


• A TYPICAL EFFECTOR SYSTEM IS ILLUSTRATED IN CHARTS 17 (PICTORIAL) AND 18 (BLOCK 
DIAGRAM). IN GENERAL, THE SYSTEM CONSISTS OF AN EFFECTOR, ACTUATOR ASSEMBLY, 
ELECTRONIC CONTROLLERS AND THE LOCAL MOUNTING STRUCTURES. THE ELA EFFECTOR 
SYSTEM IS DRIVEN BY AN ELECTRICAL POWER SOURCE. 




Rockwell International 

Space Systems Division 
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EFFECTOR SYSTEM DESCRIPTION 


P»ge2 


• THE FUNCTIONS OF THE EFFECTOR SYSTEMS ARE: 

• PERFORM POSITIONING CONTROL OF THE SHUTTLE EFFECTORS 

• PROVIDE FAILURE DETECTION AND ISOLATION (FDI). THIS INCLUDES 
FAILURES OCCURRING WITHIN THE EFFECTOR SYSTEM, AND FAILURES 
OCCURRING IN INTERFACING SYSTEMS (DATA PROCESSING, ELECTRICAL 
POWER, ETC.) 

• THE TOP-LEVEL REQUIREMENTS FOR THE DESIGN OF THE SHUTTLE 
EFFECTOR SYSTEMS ARE DESCRIBED IN CHART 19. THESE REQUIRE- 
MENTS INCLUDE THE TOTAL NUMBER OF EFFECTORS (OR ACTUATORS) 
REQUIRED, THE NUMBER OF REDUNDANT CONTROL CHANNELS PER 
ACTUATOR, AND THE MISSION PHASES WHEN THE EFFECTORS ARE 
UTILIZED. THE PERFORMANCE REQUIREMENTS (RATES, LOADS, POWER, 

ETC.) ARE DISCUSSED IN SECTIONS 4 THROUGH 6. 


#1% Rock wefl Inte rna tiona l 

A Space Systems Division 
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ILLUSTRATION OF ELA AND HYDRAULIC EFFECTOR SYSTEMS 









BLOCK DIAGRAM OF A SHUTTLE EFFECTOR SYSTEM 







TOP-LEVEL REQUIREMENTS FOR SPACE SHUTTLE EFFECTOR SYSTEMS 
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ELA SYSTEM CONCEPTS FOR SHUTTLE EFFECTORS 


• OVERALL ARCHITECTURE 

• SYSTEM CONFIGURATIONS 

• SYSTEM INTERFACES 

• COMPONENTS REQUIRED 

• EQUIPMENT LOCATIONS 


Rockwell International 
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ELA ARCHITECTURE FOR SHUTTLE EFFECTORS 


. THE OVERALL ELA ARCHITECTURE FOR THE SHUTTLE EFFECTORS IS DEPICTED IN CHART 

. THE ELA ARCHITECTURE DESIGN IS GENERALLY BASED ON THE PROVEN CONCEPTS OF THE 
PRESENT SHUTTLE EFFECTOR SYSTEMS. 

. THE EXISTING FUEL CELLS IN THE ORBITER PROVIDE THE LOW-VOLTAGE POWER FOR THE 
EXISTING AVIONICS AND THE ELA CONTROLLERS. 

MULTIPLEXER-DEMULTIPLEXER (MDM) IS REQUIRED. 

TMF POWER CONTROLLERS CONTROL THE ELECTRICAL CURRENT FROM THE POWER SOURCE 
* THROUGH THE MOTOR WINDINGS IN THE ACTUATOR ASSEMBLY (AA). 


. THE MOTORS AND THE GEARING IN THE ACTUATOR ASSEMBLY DRIVE THE EFFECTOR 70R 
POSITIONING CONTROL. 


Rockwell International 

A Space Systems Division 
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ARCHITECTURE OF ELA EFFECTOR SYSTEMS 


EXISTING 
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•MAIN GEAR STRUTS 
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RETRACTS (6) 
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• NOSEWHEEL STEERING (l) 


> SERVO ANO FDI CONTROLLER 
: POWER CONTROLLER 
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ELA SYSTEM CONFIGURATIONS 


THE REQUIRED ELA SYSTEM CONFIGURATIONS FOR THE SHUTTLE EFFECTORS ARE DESCRIBED 
N IhARIS 24 I fflWHIGH 28. THESE SYSTEM CONFIGURATIONS ARE: 


• FOUR REDUNDANT CONTROL CHANNELS WITH FAILURE DETECTION AND ISOLATION 
(FDD, AND 

• TWO REDUNDANT CONTROL CHANNELS IN AN ACTIVE-STANDBY ARRANGEMENT. 


• DETAILED DESCRIPTIONS OF THE COMPONENTS AND SIGNAL FLOWS OF EACH ELA SYSTEM 
CHANNEL ARE PRESENTED IN CHARTS 29 THROUGH 53. 

. THE ELA SYSTEM CONFIGURATIONS WERE DESIGNED BASED ON THE REDUNDANCY REQUIRE- 
MENTS SPECIFIED IN CHART 19. 


‘ on! W^I^T^raFreRENCE^THE 1 ELA*SYSTEM USK "Ski 

Say bInSa^y nonzero FOR DETERMINATION OF FAILURE; the hydraulic actuation 
U3ES SECONDARY DIFFERENTIAL PRESSURES WHICH ARE NOMINALLY ZERO. 
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FOUR CHANNEL ELA SYSTEM 


THE CONCEPT OF A FOUR-CHANNEL ELA SYSTEM IS ILLUSTRATED IN CHAI^25. THE SY^EM 

USES FOUR REDUNDANT CONTROL CHANNELS TO DRIVE THE A^^^OR ^ dcm 2 mi rrv E 
EFFECTOR. THE FOUR CHANNEL SYSTEM PROVIDES TWO-FAULT-TOLERANT RELIABILITY 

(FAIL OPERATIONAL/FAIL SAFE). 

FOR POSITIONING CONTROL, THE POSITION COMMAND, AC ™ATOR 

RATE ARE SUMMED AND COMPENSATED IN THE SERVO PROCESSOR TO FOTM A CURRENT 

COMMAND TO DRIVE THE MOTOR VIA THE POWER p° N J"°^ue : * ^^TOR* EQUALI- 
THE MOTOR TORQUE OUTPUTS FROM THE CHANNELS TO DRIVE THE ACTUATOR. EQUALI- 
ZATION FEEDBACK MAY BE ADDED IF REQUIRED TO COMPENSATE FOR THE REDUNDANT 
SYSTEM TOLERANCES. 

FOR FAILURE DETECTION AND ISOLATION, THE FDI PROCESSOR IN EACH CHANNEL! IJSES THE 
DIFFERENCES IN MOTOR CURRENT COMMANDS RETURNED FROM THE POWER CONTROLLER 
TO DETERMINE FAILURE THE FAULT ISOLATION COMMAIW LOGICKT^NED ON (FAILURE 

l^ioi/c<^ma*nd iso^lateiTthe CHAN^EI^FROM drying ^HEACTUATOR^Y^EFICHNG^THE 
CO^MANDW*THE POWER CONTROLLER AND REMOVING POWER TO THE MOTOR. 


• THE SERVO AND FDI CONTROLLER ALSO PROVIDES ACTUATOR POSITION, MOTOR CURRENT 
AND OPERATING STATUS OF THE CHANNEL TO THE FLIGHT COMPUTER. 

• THE INTERFACES BETWEEN CHANNELS AND BETWEEN THE SERVO & FDI CONTROLLERS 
AND POWER CONTROLLERS ARE ILLUSTRATED IN CHART 26. 


Rockwell International 

Space Systems Division 
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BLOCK DIAGRAM OF FOUR-CHANNEL ELA SYSTEM 
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SCHEMATIC DIAGRAM OF FOUR-CHANNEL ELA SYSTEM 



TO OMNNEL 4 OF REftMMNO 


POWER CONmCU£RS 








TWO CHANNEL ELA SYSTEM 


THE CONCEPT OF A TWO-CHANNEL (ACTIVE-STANDBY) ELA SYSTEM IS ILLUSTRATED IN ^ _ 
CHART 28. EACH CHANNEL OF THE ACTIVE-STANDBY SYSTEM IS ESSENTIALLY THE SAME 
AS A CHANNEL OF THE FOUR CHANNEL SYSTEM EXCEPT THAT ACTUATOR POSITION IS USED 
FOR FDI INSTEAD OF MOTOR CURRENT. 

THE ACTUATOR AND EFFECTOR ARE DRIVEN BY ONE CHANNEL AT A TiME, NORMALLY THE 
PRIMARY CHANNEL. IF THE PRIMARY CHANNEL FAILS, IT IS SHUT DOWN AND A SIGNAL IS 
TRANSMITTED TO THE STANDBY CHANNEL TURNING IT ON. IF THE PRIMARY CHANNEL IS 
RESTORED, THE SIGNAL IS REMOVED FROM THE STANDBY WHICH TURNS IT OFF . 

FOR FAILURE DETECTION AND ISOLATION, THE FDI PROCESSOR IN THE ACTIVE CHANNEL 
COMPARES THE POSITION WITH THE COMMAND TO DETERMINE FAILURE AND GENERATE 
A POSrriON FAULT SIGNAL. THE POSITION FAULT SIGNAL IS USED THE SAME WAY AS THE 
CURRENT ^ FAULT SIGNAL IS USED IN THE MULTI-CHANNEL SYSTEM TO ISOLATE THE FAILED 

CHANNEL. 

THE ACTIVE-STANDBY SYSTEM PROVIDES FAIL-OPERATE CAPABILITY. HOWEVER, THE 
TRANSIENT RESPONSE IN RESPONSE TO THE FAILURE AND SUBSEQUENT FDI ACTION 

MAY BE GREATER. 
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ELA SYSTEM AND COMPONENTS (EACH CHANNEL) 



• ELA COMPONENTS 

• SERVO AND FDI CONTROLLER 

• POWER CONTROLLER 

• ACTUATOR ASSEMBLY (MOTORS, 
GEAR TRAIN AND ACTUATOR) 

• POWER SOURCE (OR SUPPLY) 
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SERVO AND FDI CONTROLLER 


THE SERVO AND FDI CONTROLLER (ILLUSTRATED IN CHART 31 ) PROVIDES THE FOLLOWING 
ELECTRONICS: 


* PJS? AL SERVO PROCESSOR to process position error and motor current 
FEEDBACK TO GENERATE MOTOR CURRENT COMMAND TO POWER CONTROLLER 
THE SERVO PROCESSOR IS DESCRIBED IN CHARTS 32 THROUGH 34. 

* ?! G fA L . f?HJ?^ SS0R T0 pr OCESS POSITION ERROR, MOTOR CURRENT FEEDBACKS, 

ATUS AND FDI COMMANDS TO GENERATE ISOLATIONS COMMANDS TO 
POWER PROCESSOR. THE FDI PROCESSOR IS DESCRIBED IN CHARTS 35 THROUGH 40. 

' ^onnuMre wa datI bE*“ t DATA F0r transfer betweem ™ e controller 


• FLIGHT CONTROL INTERFACE UNIT. 

• POWER CONTROLLER INTERFACE UNIT. 

• ISOLATION INTERFACE UNIT. 

• CROSS-CHANNEL INTERFACE CONTROL UNIT. 

* ELECTRONIC^ * T ° PROV,DE POW ER IN APPROPRIATE FORM TO CONTROLLER 


• CIRCUITRY TO DETECT POWER SUPPLY FAULTS AND COMBINE STATUS WITH FAULT 
STATUS FROM FDI PROCESSOR. 




Rockwell International 
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SERVO PROCESSOR 


• IN THE SERVO PROCESSOR (ILLUSTRATED IN CHART 33), THE POSITION COMMAND, ACTUATOR 
POSmON AND ROTOR RATE ARE COMPENSATED (BY FILTERS, LIMITERS, ETC.) AND COMBINED 
TO FORM A PRELIMINARY MOTOR CURRENT COMMAND. 

• MOTOR-CURRENT SELECTION AND EQUALIZATION (SEE CHART 34) ARE ADDED TO EACH 
CHANNEL FOR COMPENSATION OF REDUNDANT-SYSTEM TOLERANCES AFFECTING THE 
CHANNEL. EQUALIZATION APPLIES ONLY TO MULTIPLE PARALLEL CHANNELS AND DOES 
NOT APPLY TO ACTIVE-STANDBY SYSTEMS. IT IS NOT NEEDED WITH PRECISION ENCODERS. 

• MOTOR CURRENT FEEDBACK SIGNALS (FOR TORQUE SUMMING) ARE CROSS-STRAPPED 
BETWEEN CHANNELS, AND A SELECTION FILTER SELECTS SECOND LARGEST MAGNITUDE. 

• THE SELECTED SIGNAL IS SUBTRACTED FROM THE IN-CHANNEL SIGNAL AND THE 
DIFFERENCE IS PROCESSED THROUGH A DEADBAND, A FILTER AND A LIMITER TO FORM 
AN EQUALIZATION FEEDBACK. 

• THE EQUALIZATION FEEDBACK IS SUBTRACTED FROM THE PRELIMINARY CURRENT 
COMMAND TO FORM THE FINAL MOTOR CURRENT COMMAND. 

• THE FiNAL MOTOR CURRENT COMMAND IS SENT TO THE POWER CONTROLLER. 
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FDI PROCESSOR 


• IN THE FDI PROCESSOR (ILLUSTRATED IN CHART 36), THE SIGNAL D FROM THE FAULT 
ISOLATION COMMAND LOGIC IS TURNED ON (FAILURE INDICATION) WHEN THE POSITION-FAULT 
SIGNAL A (SEE CHARTS 36 AND 38) IS TURNED ON OR WHEN THE CURRENT-FAULT SIGNAL B 
(SEE CHARTS 36 AND 40) IS TURNED ON. FOR THE TWO CHANNEL ELA, D FOR BACKUP IS ON 
ALSO WHEN THE PRIMARY CHANNEL ISOLATION COMMAND IS OFF (PRIMARY CHANNEL GOOD). 

. D REMAINS ON UNTIL THE RESET COMMAND IS TURNED ON. THE RESET TURNS D OFF AND 
RESETS THE CURRENT FAULT MONITOR. FOR THE TWO CHANNEL ELA, D FOR BACKUP IS 
TURNED OFF WHEN THE PRIMARY CHANNEL ISOLATION COMMAND IS TURNED ON. 

• THE OUTPUT ISOLATION COMMAND (G) IS ON IF THE SIGNAL D IS ON, THE ISOLATION COMMAND 
FROM THE FLIGHT COMPUTER IS ON OR IF THE POWER SUPPLY FAULT MONITOR SIGNAL (F) IS 
ON. OTHERWISE THE OUTPUT ISOLATION COMMAND IS OFF. 

• THE SERVO AND FDI CONTROLLER ALSO PROVIDES AN OPERATIONAL STATUS OF THE 
CHANNEL TO THE FLIGHT COMPUTER. 


Rockwell In t ernational 

Space Systems Division 
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FDI PROCESSOR 
(CHANNEL 1, TYPICAL) 
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POSITION FAULT MONITOR FOR FDI PROCESSOR 
(SEE CHART 38 FOR ILLUSTRATION) 


• THE POSITION FAULT IS USED ONLY WITH TWO-CHANNEL SYSTEMS. 

• IF POSITION FEEDBACK AGREES WITH COMMAND WITHIN THRESHOLD LEVEL Si , THE COUNTERS 
AND FAULT FLAG (A) ARE RESET. 

• IF POSITION ERROR EXISTS AND RATE IS OPPOSITE OF COMMAND FOR SPECIFIED TIME L n , THE 
FAULT FLAG (A) IS SET. 

• IF POSITION ERROR EXISTS AND RATE IS IN RIGHT DIRECTION BUT IS TOO LOW FOR SPECIFIED 
TIME L r , THE FAULT FLAG IS SET. 

• PARAMETER VALUES OF POSITION FAULT MONITOR ARE DETERMINED FROM THE FOLLOWING 
CRITERIA: 

• POSITION THRESHOLD S L GREATER THAN VARIATIONS DUE TO NORMAL OPERATION 
AND TOLERANCES AND LESS THAN MAXIMUM ALLOWABLE POSITION ERROR MINUS 
TOLERANCES 

• RATE THRESHOLD R, GREATER THAN VARIATIONS DUE TO NORMAL OPERATION AND 
LESS THAN AVAILABLE RATE MINUS TOLERANCES 

• COUNTER INCREMENTS AND COUNT LIMITS LARGE ENOUGH TO PREVENT REACTION TO 
SPURIOUS NOISE AND SMALL ENOUGH TO PREVENT EXCESSIVE POSITION TRANSIENT 
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MOTOR-CURRENT FAULT MONITOR FOR FDI PROCESSOR 
(SEE CHART 40 FOR ILLUSTRATION) 

• THE MOTOR-CURRENT FAULT MONITOR IS USED ONLY WITH FOUR-CHANNEL SYSTEMS. 

• MOTOR CURRENT FEEDBACK IN CHANNEL 1 OF TORQUE-SUMMED EMA USED AS ILLUSTRATION. 

. WHEN CURRENT FEEDBACK DISAGREES WITH SELECTED CURRENT FEEDBACK BY MORE THAN 
FAULT THRESHOLD lx, INTEGRATOR COUNTS UP AT RATE OF N y . 

• WHEN CURRENT FEEDBACK AGREES WITH SELECTED CURRENT WITHIN THRESHOLD \j, 
INTEGRATOR COUNTS DOWN AT RATE OF N 0 . 

• WHEN INTEGRATOR COUNTS UP TO FAULT LIMIT N L , FAULT FLAG B IS SET. 

• RESET COMMAND RESETS INTEGRATOR TO ZERO. 

• THE PARAMETER VALUES OF MOTOR-CURRENT FAULT MONITOR ARE DETERMINED FROM THE 


GREATER THAN VARIATIONS DUE TO NORMAL OPERATION 


AND 


FOLLOWING CRITERIA: 

. FAULT THRESHOLD lx GREATER THAN VAHIA I IU NS uuc i \j nu n««L 
TOLERANCES AND LESS THAN AVAILABLE CURRENT MINUS TOLERANCES 

rmiMT IIP INCREMENT Nn AND CURRENT FAULT LIMIT Ni LARGE ENOUGH TO PREV EN T 

• KSSSSHmk and Small enough t A prevent excessive position 


REACTION TO SPURIOUS NOISE AND SMALL ENOUGH 
TRANSIENT 

• COUNT DOWN INCREMENT N D ADJUSTED TO DETECT OSCILLATIONS BUT NOT NOISE 
. QUASI-MIDDLE SELECT LOGIC SELECTS SECOND HIGH MAGNITUDE 

Rockwell International 

4k Space Systems Division 
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MOTOR-CURRENT FAULT MONITOR FOR FDI PROCESSOR (CHANNEL 1, TYPICAL) 





POWER CONTROLLER 


THE POWER CONTROLLER (ILLUSTRATED IN CHART 42) USES THE 

THE SERVO CONTROLLER TO CONTROL THE CURRENT FLOWING FROM THE POWER SUPPLY 
THROUGH THE MOTOR WINDINGS. IN GENERAL, THERE ARE TWO TYPES OF POWER CONTROLLER: 

. DIRECT-CURRENT (DC) SWITCH-MODE POWER CONTROLLER 

. HIGH-FREQUENCY ALTERNATING-CURRENT (AC) POWER CONTROLLER 

Tucee CONTROLLERS ARE DESCRIBED IN CHARTS 43 THROUGH 46. IT SHOULD BE NOTED THAT 
EITHER THE DC CONTROLLER OR THE AC CONTROLLER AS 

MOTORS (PERMANENT MAGNET OR RELUCTANCE). EITHER CONTROLLER CAN ALSO DRIVE AN 
mSSnoS StoSuJhOI B NONSYNCHRONOUS? IN THIS CASE THE SEQUEN^ 

FROM PHASE TO PHASE IS NOT REFERRED TO AS COMMUTATION. MOTOR RATE MAY BE USED 

INSTEAD OF ROTOR POSITION. 
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DC SWITCH-MODE POWER CONTROLLER 
(SEE CHART 44 FOR ILLUSTRATION.) 


• THE ERROR SIGNAL (DIFFERENCE BETWEEN COMMANDED CURRENT AND MOTOR CURRENT) 
CAUSES THE PULSE WIDTH MODULATOR INCLUDING LOOP STABILIZATION COMPENSATION 
AND MOTOR-CONTROL SCHEME SUCH AS FIELD ORIENTED CONTROL TO PRODUCE: 

• A SERIES OF ON-OFF PULSES WHOSE ON-WIDTHS ARE PROPORTIONAL TO THE 
MAGNITUDE OF THE ERROR SIGNAL. 

• A DIRECTION COMMAND TO CONTROL DIRECTION OF ACTUATOR SLEW. 

. THE ON-OFF PULSES CONTROL A SWITCH FOR VARYING THE CURRENT FLOWING FROM THE 
DC POWER SUPPLY (270 VDC FOR EXAMPLE) THROUGH THE MOTOR WINDINGS. 

• THE COMMUTATION LOGIC USES THE DIRECTION COMMAND AND THE ROTOR POSmON 
FEEDBACK TO DETERMINE THE ON-OFF SEQUENCE OF THE POWER SWITCHES. 

• THE SEQUENCED POWER SWITCHES CONVERT THE CURRENT SUPPLY TO THE APPROPRIATE 
THREE-PHASE POWER TO DRIVE THE MOTOR. 


kockwoii international 
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HIGH-FREQUENCY AC POWER CONTROLLER 
(SEE CHART 46 FOR ILLUSTRATION.) 


• THE DC VOLTAGE FROM THE POWER SUPPLY IS CONVERTED INTO A HIGH-FREQUENCY (SUCH 
AS 20 KHZ) AC VOLTAGE (380 VAC FOR EXAMPLE) 


COMPENSATION AND MOTOR CONTROL SCHEME SUCH AS FIELD ORIENTED CONTROL TO 
PRODUCE: 


• A SERIES OF ON-OFF PULSES WHICH DRIVE A SWITCH FOR CONTROLLING THE AC CURRENT 
FLOWING THROUGH THE MOTOR WINDINGS. 


• A DIRECTION COMMAND TO CONTROL THE DIRECTION OF ACTUATOR SLEW. 


• THE ZERO-CROSSING DETECTOR INSURES THAT POWER SWITCHING OCCURS ONLY AT ZERO 
CURRENT TO MINIMIZE STRESS ON THE SWITCH. 


THE COMBINED FUNCTION OF THE PDM. ZERO-CROSSING DETECTOR, SWITCH, AND RECTIFIER 
ReIiA^S IN A SERIESOF HALF-CYCLE CURRENT PULSES WITH DENSITY (NUMBER OF PULSES 
PER SECOND) PROPORTIONAL TO THE ERROR SIGNAL. 


• THE COMMUTATION LOGIC USES THE DIRECTION COMMAND AND THE ROTOR POSITION TO 
DETERMINE THE ON-OFF SEQUENCE OF THE POWER SWITCHES. 


• THE SEQUENCED POWER SWITCHES CONVERT THE CURRENT SUPPLY TO THE APPROPRIATE 
THREE-PHASE POWER TO DRIVE THE MOTOR. 


* 
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HIGH-FREQUENCY AC POWER CONTROLLER (EACH CHANNEL) 
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MOTOR 


(PAGE 1 OF 2) 


THE MOTORS IN THE ACTUATOR ASSEMBLY CONVERT ELECTRICAL POWER (CURRENT FROM 
THE POWER SUPPLY) INTO MECHANICAL MOTION (TORQUE) TO DRIVE THE ACTUATOR. IN 
GENERAL, THERE ARE THREE TYPES OF MOTORS THAT ARE APPLICABLE TO ELA SYSTEMS 
(SEE CHART 50 FOR ILLUSTRATION): PERMANENT MAGNET (OR BRUSHLESS DC) MOTOR, 
INDUCTION MOTOR AND VARIABLE (SWITCHED) RELUCTANCE MOTOR. THESE ELA MOTORS ARE 
DESCRIBED BELOW. 

. PERMANENT MAGNET (PM) MOTOR 

• THE ROTOR CONTAINS PERMANENT MAGNET (SUCH AS SAMARIUM COBALT) AND THE 
STATOR CONSISTS OF THREE PHASES OF WINDINGS. 

• THE ROTOR POSITION IS MEASURED AND FED BACK TO THE POWER CONTROLLER FOR 
COMMUTATION LOGIC WHICH SWITCHES THE MOTOR POWER TO THE NEXT PHASE IN 
SEQUENCE. 

• THE POWER CONTROLLER ADJUSTS THE POWER FOR THE REQUIRED MOTOR CURRENT. 

• THE CURRENT IN THE STATOR WINDINGS REACTS WITH THE MAGNETIC FIELD OF THE 
ROTOR TO CREATE TORQUE THAT CAUSES THE ROTOR TO ROTATE. 

• INDUCTION MOTOR 

• A SQUIRREL CAGE ROTOR IS USED WHICH HAS LONGITUDINAL CONDUCTORS SHORTED 
TOGETHER AT THE ENDS OF THE ROTOR. 

• THE STATOR CONSISTS OF THREE PHASES OF WINDINGS. 



MOTOR 


(PAGE 2 OF 2) 


. THE ROTOR RATE OR POSITION IS MEASURED AND FED BACK TO THE POWER CONTROLLER 
FOR THE LOGIC WHICH SWITCHES THE MOTOR POWER SEQUENTIALLY FROM PHASE TO 
PHASE AT THE COMMANDED RATE. 

• THE STATOR-INDUCED CURRENT IN THE ROTOR CONDUCTORS CREATES A MAGNETIC FIELD 
WHICH REACTS WITH THE CURRENT FLOW IN THE STATOR WINDINGS TO FORM TORQUE. 

. VARIABLE (SWITCHED) RELUCTANCE MOTOR 

• THE ROTOR HAS NO WINDINGS OR PERMANENT MAGNET; THE STATOR HAS THREE PHASES 
OF WINDINGS. 

• THE ROTOR AND STATOR HAVE UNEQUAL NUMBERS OF SALIENT (OR EXPLICIT) POLES. 

• THE ROTOR POSITION IS MEASURED AND FED BACK TO THE POWER CON^OLLER FOR 
COMMUTATION LOGIC WHICH SWITCHES THE MOTOR POWER TO THE NEXT PHASE IN 

SEQUENCE. 

• THE POWER CONTROLLER ADJUSTS THE POWER FOR THE REQUIRED MOTOR CURRENT 
THF CURRENT FLOW IN THE STATOR WINDINGS CREATES A MAGNETIC FIELD WHICH ALIGNS 

toe Sotor Soles ^ wiSScnzED stator poles resulting in torque and 

ROTOR ROTATION. 
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ELA MOTOR CONCEPTS 



PERMANENT MAGNET INDUCTION 


VARIABLE RELUCTANCE 
(SWITCHED RELUCTANCEI 
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GEAR TRAIN AND ACTUATOR (SEE CHARTS 47 AND 52 FOR ILLUSTRATION) 


THE GEAR TRAIN SUMS THE PARALLEL CHANNELS TOGETHER INTO ONE OUTPUT, AND 
CONVERTS MOTOR TORQUE AND ROTATION INTO ACTUATOR FORCE AND DISPLACEMENT. 

THERE ARE FOUR TYPES OF CHANNEL-SUMMING ARRANGEMENT: LINEAR TORQUE SUMMED, 
ROTARY TORQUE SUMMED, LINEAR VELOCITY SUMMED AND ROTARY VELOCITY SUMMED. 

THESE SUMMING ARRANGEMENTS ARE DESCRIBED BELOW. 

• TORQUE SUMMING 

• ALL MOTORS GEARED DIRECTLY TO SINGLE SUMMING GEAR 

• OUTPUT TORQUE IS SUM OF INPUT TORQUES - ALL MOTORS RUN AT SAME RATE 

• SEPARATE MOTORS FOR MECHANICAL SUMMING - EACH MOTOR MAY HAVE CLUTCH 

• MULTIPLE SETS OF WINDINGS IN ONE MOTOR FOR MAGNETIC SUMMING, NO CLUTCHES 

• FAILED MOTOR (OR WINDING) ISOLATED BY REMOVING POWER AND DISENGAGING CLUTCH, 
IF ANY 

• vpi orrrv ci iuuimr 

• COMBINES MOTOR RATES THROUGH DIFFERENTIALS 

• OUTPUT VELOCITY IS SUM OF MOTOR RATES, ALL MOTORS PROVIDE SAME TORQUE 

• EACH MOTOR REQUIRES BRAKE TO PREVENT B ACKDRIVING 

• FAILED MOTOR ISOLATED BY REMOVING POWER AND APPLYING BRAKE 

THE ACTUATOR PROVIDES NUT AND SCREW MECHANISM WITH ROLLERS OR BALLS FOR LINEAR 
ACTUATORS, AND ROTARY GEARING TO DRIVE HINGE-LINE FOR ROTARY ACTUATORS, 


Rockwell Inter na tio na l 
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POWER SOURCE 


THE POWER SOURCE PROVIDES HIGH ELECTRICAL POWER (SUCH AS 270 VDC) FOR ELA SYSTEMS, 
AND LOW ELECTRICAL POWER (SUCH AS 28 VDC) FOR THE SERVO AND FDI CONTROLLERS AND 
OTHER AVIONICS IN THE VEHICLE. THE APPLICABLE POWER SOURCE FOR ELA SYSTEMS ARE: 
PRIMARY (NON-CHARGEABLE) AND SECONDARY (RE-CHARGEABLE) BATTERIES, FUEL CELLS 
AND AUXILIARY POWER UNIT (APU) AND OTHER POWER GENERATORS. 


Rockwell Inter na tio na l 
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ELA SYSTEM INTERFACES 


• THE ELA SYSTEMS INTERFACE WITH THE FOLLOWING SHUTTLE VEHICLE SYSTEMS: DATA 
PROCESSING, ELECTRICAL POWER DISTRIBUTION AND CONTROL, THERMAL CONTROL, 
STRUCTURE, DISPLAY AND CONTROL, AND EFFECTORS. THE INTERFACE REQUIREMENTS ARE 
DESCRIBED BELOW. 

• DATA PROCESSING SYSTEM 

• INTERFACES WITH COMPUTER THROUGH DIGITAL DATA BUSES; MDM'S ARE NOT 
REQUIRED 

• SOFTWARE IN COMPUTER FOR ELA CONTROL AND DISPLAY 

• ELECTRICAL POWER DISTRIBUTION AND CONTROL SYSTEM (ORBITER AND EACH SRB) 

• CABLES, SWITCHING CONTROL AND INSTRUMENTATION FOR ELA EQUIPMENT 

• 270 VDC POWER SOURCE FOR MOTOR POWER AND 28 VDC FUEL CELLS FOR LOGIC 
POWER 

• THERMAL CONTROL SYSTEM (ORBITER AND EACH SRB) 

• COLD PLATES FOR ELA CONTROLLERS 

• PASSIVE COOLING FOR ELA ACTUATOR ASSEMBLIES AND POWER SOURCE 

• STRUCTURES (ORBITER AND EACH SRB) 

• MOUNTING FIXTURES FOR ELA COMPONENTS AND CABLING 

• DISPLAY AND CONTROL SYSTEM 

• SAME AS FOR EXISTING HYDRAULIC SYSTEMS 

• EFFECTORS 

•SAME AS FOR EXISTING HYDRAULIC SYSTEMS 
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ELA COMPONENTS REQUIRED FOR SHUTTLE EFFECTOR SYSTEMS 


• SERVO AND FDI CONTROLLER 

• POWER CONTROLLER 

• ACTUATOR ASSEMBLY 

• POWER SOURCE 
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• SHARED WITH ORBITER EFFECTOR SYSTEMS 
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ELA EQUIPMENT LOCATIONS 


• CRITERIA FOR DETERMINATION OF ELA LOCATIONS 

• ACCEPTABLE RANGE OF VEHICLE CENTER-OF-GRAVITY (CG) FOR FLIGHT CONTROL 

• AVAILABLE SPACE 

• ACCESSIBLE FOR SERVICE AND MAINTENANCE 

• MINIMUM REQUIREMENTS FOR ELA THERMAL CONTROL 

• MINIMUM EFFECT DUE TO ANY ELECTROMAGNETIC INTERFERENCE (EMI) 

• MINIMUM CABLING 

• POTENTIAL ELA LOCATIONS IN ORBITER 

• SERVO AND FDI CONTROLLERS: SIMILAR LOCATIONS FOR THE PRESENT AEROSURFACE 
SERVO AMPLIFIERS (ASA’S) AND ASCENT TVC (ATVC) DRIVERS (SEE CHART 57) 

• ACTUATOR ASSEMBLIES: SIMILAR LOCATIONS FOR THE PRESENT HYDRAULIC 
ACTUATORS 

• POWER SOURCE: SEE CHARTS 57 AND 58. 

• POWER CONTROLLERS: SEE CHARTS 57 AND 59 . 

• ELA CABLING: SEE CHART 60. 

• POTENTIAL ELA LOCATIONS IN EACH SRB 
(TBD) 
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POTENTIAL ELA LOCATIONS IN ORBITER: VIEW 2, BATTERIES 













APU EQUIPMENT 
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ELA COMPONENT TRADES AND SELECTION 


• POWER SOURCE 

• POWER CONTROLLER 

• ACTUATOR ASSEMBLY 

• SERVO-FDI CONTROLLER 


Rockwe ll Interna tiona l 

^ Specs Systems DMsIon 
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POWER SOURCE TRADES 


• PRIMARY (NON-RECHARGEABLE) SILVER-ZINC (AG/ZN) BATTERIES *«iwh/» <r\ 

• HIGH POWER DENSITY (ESTIMATED POWER AND ENERGY DENSITIES: 1100 W/KG & 150WH/KG) 

• REQUIRES BATTERY REPLACEMENT EACH FLIGHT 

• .mw/kg »«.*»«» 

1 SAFETY CONCERN DUE TO LOW MELTING POINT OF LITHIUM 

. REQUIRES BATTERY REPLACEMENT BUT MAY HAVE ENOUGH ENERGY FOR MORE THAN 
ONE FLIGHT 

■ «^SKaSgSSg!T^ 9C0 WIKG4 100WH/KG) 

• BATTERIES RECHARGED RATHER THAN REPLACED FOR FLIGHT 

' SE ^°hTh^ and ENERGY DENSITIES: 1500 W/KG * 57 WH/KG, 

. LOW ENERGY DENSITY 
. HIGH DEVELOPMENT RISK 

• AD ^OW^GHTIF L uIeD TO POWER EMA'S AND AVIONICS (ELIMINATING PRESENT 

• MORE^GROUND servicing required than for batteries 

. AUXILIARY POWER UNITS . AMTC 

. SAFETY CONCERN DUE TOXIC PROPELLANTS 

• HIGH GROUND SERVICING REQUIRED 

. BASELINE SELECTION: SECONDARY SILVER ZINC BATTERIES 

Rockwell International 62 

Space Systems Division 
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POWER CONTROLLER TRADES 



DIRECT CURRENT (DC) SWITCH-MODE POWER CONTROLLER 

• POWER SWITCHING AT HIGH CURRENT INCREASING STRESS ON ^^NSISTORS 

. LOWER EFFICIENCY AND GREATER COOLING REQUIREMENTS DUE TO SWITCHING 

LOSS AT HIGH CURRENT 

HIGH FREQUENCY ALTERNATING CURRENT (AC) POWER CONTROLLER 

dowfr (SWITCHING AT ZERO CURRENT REDUCING STRESS ON TRANSISTORS 

• THEORETICALLY REDUCED LOSSES AND THERMAL REQUIREMENTS ON TRANS^TORS 

• THEORETICALLY PROVIDES IMPROVED PERFORMANCE DUE TO LESS STRINGENT 
REQUIREMENTS ON SWITCHING TRANSISTORS 

• REQUIRES DC TO AC POWER CONVERTOR 

■ BASELINE SELECTION: HIGH FREQUENCY AC POWER CONTROLLER 
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ACTUATOR ASSEMBLY TRADES - EMA VERSUS EHA 


• ELECTROMECHANICAL ACTUATOR (EMA) 

• MOTORS DRIVE GEAR MECHANISM WHICH DRIVES EFFECTOR 

• NATURAL SUMMING METHOD IS TORQUE SUMMING. VELOCITY SUMMING REQUIRES 
ADDITIONAL GEARING MECHANISM 

• ELECTROHYDROSTATIC ACTUATOR (EHA) 

• MOTORS DRIVE REVERSIBLE HYDRAULIC PUMPS TO DRIVE HYDRAULIC PISTON 

• EUECTROHYDROSTATIC MECHANISM READILY PERMITS DISENGAGING CHANNEL 

AND DAMPING SUBSEQUENT MOTION _ 

• PRESENCE OF HYDRAULIC OIL IN ACTUATOR RAISES CONCERN OF POSSIBLE 

. NATORALSUMM^NG methoo is velocity summing, torque or force summing 

REQUIRES ADDITIONAL HYDRAULIC MECHANISM. 

. BASELINE SELECTION: EMA FOR ALL EXCEPT NOSE WHEEL STEERING. 

EHA FOR NOSE WHEEL STEERING TO OBTAIN DAMPING MODE 
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ACTUATOR ASSEMBLY TRADES - MOTOR TYPE 


. PERMANENT MAGNET (BRUSHLESS DC) MOTOR 

• SERVO CONTROL TECHNOLOGY USING PERMANENT MAGNET MOTOR HAS BEEN DEVELOPED 

• SHORTED TURN MAY CAUSE SEVERE HEATING AND LOAD ON MOTOR DUE TO BACK EMF 
GENERATED BY ROTOR MAGNET 


• INDUCTION MOTOR 




. VARIABLE RELUCTANCE MOTOR 


. NO SHORTED-TURN PROBLEM ONCE MOTOR POWER IS REMOVED SINCE ROTOR HAS 
• RUGGED^ROTOR CONSTRUCTION (NO MAGNETS OR WINDINGS ON ROTOR) 


• BASELINE SELECTION: VARIABLE RELUCTANCE MOTOR 


Rockwell International 
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ACTUATOR ASSEMBLY TRADES - CHANNEL SUMMING 


• MECHANICAL TORQUE SUMMING (4 SEPARATE MOTORS) 

• LOW MECHANICAL COMPLEXITY 

• ALLOWS USE OF CLUTCH TO ISOLATE FAILED MOTOR 

• POTENTIAL STRUCTURAL LOADING TWICE NOMINAL WITH FAIL OPERATE/FAIL SAFE 
EFFECTOR SYSTEM 

• MAGNETIC TORQUE SUMMING (4-IN-1 MOTOR) 

• SHORTED-TURN PROBLEM IS NOT CORRECTABLE 

• POTENTIAL STRUCTURAL LOAD TWICE NOMINAL WITH FAIL OPERATE/FAIL SAFE 
EFFECTOR SYSTEM 

• CLUTCHES OR BRAKES CANNOT BE USED 

• SIMPLE SUMMING MECHANISM 

• VELOCITY SUMMING 

• TOLERANT OF SHORTED TURNS (DEVIATION OF MOTOR VELOCITY ENGAGES BRAKE) 

• COMPLEX SUMMING MECHANISM DUE TO DIFFERENTIAL AND BRAKES 

• REQUIRES BRAKES TO ISOLATE FAILED MOTORS 

• BASELINE SELECTION: MECHANICAL TORQUE SUMMING 
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SERVO & FDI CONTROLLER TRADES - DIGITAL VERSUS ANALOG 


• DIGITAL CONTROL PROCESSING 

• EWE*™ T ° GENERAL PURP0SE COMPUTER (GPC) DATA BUS. MDM’S 

• MORE PROCESSING CAPABILITIES AND EASIER TO CHANGE 

• MORE SENSITIVE TO ELECTROMAGNET INTERFERENCE (EMI) 

• REQUIRES ANALOG-DIGITAL (A/D AND D/A) CONVERSIONS 

• ANALOG CONTROL PROCESSING 

• LESS SENSITIVE TO EMI 

• NO A/D OR D/A CONVERSIONS REQUIRED EXCEPT FOR GPC INTERFACES 

• REQUIRES MDM’S TO INTERFACE WITH GPC’S 

• LIMITED PROCESSING CAPABILITY AND INCONVENIENT TO CHANGE 

• REQUIRES SEPARATE CIRCUIT FOR EACH ACTUATOR 

• BASELINE SELECTION: DIGITAL PROCESSING 
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SERVO AND FDI CONTROLLER TRADES - FDI LOCATION 


• LOCAL FDI (FDI IN SERVO AND FDI CONTROLLER) 

• MINIMIZES EFFECTOR SYSTEM FAILURE TRANSIENTS 

• MINIMIZES GPC SOFTWARE REQUIREMENTS 

• ADDS HARDWARE REQUIREMENTS TO SERVO AND FDI CONTROLLER 

• REMOTE FDI (FDI IN GENERAL PURPOSE COMPUTERS) 




REDUCES HARDWARE REQUIREMENTS ON SERVO AND FDI CONTROLI FR 
INCREASES EFFECTOR SYSTEM FAILURE TRANSIENTS CONTROLLER 

INCREASES SOFTWARE PROCESSING REQUIREMENTS ON GPC*S 


• BASELINE SELECTION: LOCAL FDI 
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ELA BASELINE FOR SPACE SHUTTLE EFFECTOR SYSTEMS 

(PRELIMINARY) 


ELA EFFECTOR SYSTEMS 

• REDUNDANCY LEVEL 

• SERVO AND FDI CONTROLLER 

• POWER CONTROLLER 

• ACTUATOR ASSEMBLY 

• ELA POWER SOURCE 

• ELA POWER DISTRIBUTION 

ELA INTERFACE SYSTEMS 

• DATA PROCESSING 

. DISPLAY AND CONTROL (PANELS) 
. STRUCTURE 

• THERMAL CONTROL 


Rockwell International 

Space Systems Division 



BASELINE FOR ELA EFFECTOR SYSTEM: REDUNDANCY LEVEL 

(PRELIMINARY) 


• FOUR PARALLEL CHANNELS FOR: 

4 SRB TVC, 6 SSME TVC, 4 ELEVONS, 
RUDDER, SPEEDBRAKE, BODYFLAP, 

4 BRAKES AND 6 ET (FUEL AND OXIDIZER) 
UMBILICAL RETRACTS 

. TWO CHANNELS (PRIMARY/STANDBY) FOR: 


•» 4 0MSTVC 

• NOSEWHEEL STEERING 

. 15 SSME PROPELLANT VALVES 

• 3 NOSE- AND MAIN-GEAR UPLOCKS 

• 3 NOSE- AND MAIN-GEAR STRUTS 
(RETRACTS) 


. FO/FS PLUS MINIMIZING EFFECTOR 
FAILURE TRANSIENTS (EFFECTOR 
POSITION EXCURSION DUE TO FAILURE 
AND THE SUBSEQUENT FDI ACTION) 


• FS (SINGLE OMS ENGINE OPERATION 
ACCEPTABLE) 

. FS PLUS DIFFERENTIAL BRAKING 
BACKUP 

• FS PLUS PNEUMATIC BACKUP 
. FS PLUS PYRO BACKUP 

• FS (GROUND OPERATION ONLY) 


Rockwell International 

Space Systems Division 
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BASELINE FOR ELA EFFECTOR SYSTEMS: SERVO AND FDI CONTROLLER 

(PRELIMINARY) 


ELA BASELINE 

. DIGITAL SERVO CONTROLLER CONNECTED TO 
GPC DATA BUS 

• CROSS-CHANNEL DATA TRANSFER 

• ACTUATOR FEEDBACK PROCESSING 

• GENERATION OF POSITION ERROR 

. FAILURE DETECTION AND ISOLATION (FDI) 
PROCESSING RESIDES IN SERVO AND FDI 
CONTROLLER (LOCAL FDI) 


• BUILT-IN SELF TEST 


• FOUR CONTROLLERS, ONE FOR EACH 
CHANNEL. EACH CONTROLLER 
PROCESSES THAT CHANNEL FOR 
ALL ORBITER AND SRB ACTUATORS 

• CONTROLLERS POWERED BY EXISTING 
ORBITER POWER SYSTEM 


RATIONALE/REMARKS 

• ELIMINATE THE NEED FOR MULTI-PLEXER - 
DEMULTIPLEXER (MDM); MORE PROCESSING 
CAPABILITIES AND MORE READILY CHANGED 

• NEEDED FOR FDI PROCESSING 

• NEEDED FOR SERVO AND FDI PROCESSING 

• NEEDED FOR MOTOR CONTROL 

. MINIMIZE FAILURE TRANSIENTS PLUS 
ELIMINATE REQUIREMENTS FOR FDI 
SOFTWARE IN THE GENERAL PURPOSE 
COMPUTERS (GPC'S) AND DATA BUS 

• FAULT DETECTION OF SERVO AND FDI 
CONTROLLER 

• SAVE WEIGHT, SPACE AND CABLES 


• EXISTING ORBITER MATCHES VOLTAGE 
REQUIREMENTS AND IS READILY AVAILABLE 


Rockwell International 
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BASELINE FOR ELA EFFECTOR SYSTEMS: POWER CONTROLLER 

(PRELIMINARY) 


FI A BASELINE 

. ONE CONTROLLER ASSEMBLY FOR 
EACH ACTUATOR ASSEMBLY WITH 
ALL CONTROL CHANNELS FOR THAT 
ACTUATOR 

. HIGH FREQUENCY (20 KHZ) AC POWER 
INPUT 


RA tiomalE/REMARK£ 

. SAVE WEIGHT, SPACE AND CABLES 


• ALLOW ZERO POWER SWITCHING TO 
REDUCE LOSSES AND TRANSISTOR 
STRESS 


USES CURRENT COMMAND FROM SERVO 
AND FDI CONTROLLERS TO CONTROL 
CURRENT FLOW FROM POWER SOURCE 
THROUGH MOTOR WINDINGS 


• RECEIVES FDI COMMANDS FROM 
SERVO AND FDI CONTROLLERS TO 
ISOLATE FAILED CHANNELS 


INTERFACES WITH ELA TRANSDUCERS 
TO OBTAIN MOTOR AND ACTUATOR 
FEEDBACK FOR SERVO AND FDI CONTROLLER 


. CROSS-CHANNEL CURRENT DATA TRANSFER 


. DRIVE ACTUATOR MOTORS AS REQUIRED 

FOR SERVO CONTROL 
. REMOVE EFFECTS OF SYSTEM FAILURES 


• REQUIRED FOR SERVO CONTROL 


. MINIMIZE IMPACT OF WASTED POWER 
DUE TO FAILED CHANNEL 


Rockwell International 

Space Systems Division 
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BASELINE FOR ELA EFFECTOR SYSTEMS: ACTUATOR ASSEMBLY 

(PRELIMINARY) 


ELA BASELINE 

• VARIABLE RELUCTANCE MOTOR 

• MOTOR POSITION TRANSDUCERS 

• ACTUATOR POSITION DIGITAL ENCODERS 


RATIONALE/REMARKS 

• SIMPLE ROTOR, NO SHORTED TURN 
PROBLEM WITH POWER REMOVED 

• PROVIDE COMMUTATION SIGNALS TO 
POWER CONTROLLER FOR CONTROLLING 
SWITCHING TRANSISTORS 

• PROVIDE ACCURATE POSITION FEED- 
BACK FOR SERVO CONTROL AND 
ELIMINATE NEED FOR EQUALIZATION 
IN SERVO AND FDI CONTROLLER 


ALL EXCEPT NOSEWHEEL STEERING: 


• MECHANICAL GEAR TRAIN WITH • LOW COMPLEXITY AND WEIGHT, NO 

MECHANICAL TORQUE SUMMING CONCERN OF HYDRAULIC LEAKS 


NOSEWHEEL STEERING ELA: 

• ELECTROHYDROSTATIC ACTUATOR • PROVIDE DAMPER MODE FOR FAIL 

MECHANISM WITH FORCE SUMMING SAFE OPERATION 

AND DAMPER MODE 


Rockwell International 

Space Systems Division 
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BASELINE FOR ELA EFFECTOR SYSTEMS: POWER SOURCE 

(PRELIMINARY) 


ELA BASELINE 

• QUAD REDUNDANT BATTERIES (FOUR 
FOR ORBITER AND FOUR FOR EACH SRB 

• RE-CHARGABLE SILVER ZINC BATTERIES 

• 270 VOLTS DIRECT CURRENT (VDC) 

• PEAK POWER PER BATTERY: 82 KW FOR 
ORBITER; 67 KW FOR SRB 

• ENERGY PER BATTERY: 5.4 KWH FOR ORBITER; 
0.8 KWH FOR SRB 


RATIONALE/REMARKS 
• FAIL OPERATIONAL/FAIL SAFE (FO/FS) 


• HIGH POWER DENSITY (STUDIES TO DATE SHOW 
THAT BATTERY SIZING FOR SHUTTLE IS DRIVEN 
PRIMARILY BY POWER DENSITY RATHER THAN 
ENERGY DENSITY). 

• COMMON VOLTAGE FOR ELA'S (ORIGINALLY 
BASED ON RECTIFIED THREE PHASE 1 15 VAC) 

• PRELIMINARY POWER REQUIREMENTS (TO BE 
UPDATED IN FINAL REPORT) 

• PRELIMINARY ENERGY REQUIREMENTS (TO BE 
UPDATED IN FINAL REPORT) 


Rockwell International 

Space Systems Division 


74 


BASELINE FOR ELA EFFECTOR SYSTEMS: POWER DISTRIBUTION SYSTEM 

(PRELIMINARY) 


ELA BASELINE 

• FOUR POWER BUSES FOR ORBITER 
EFFECTORS AND FOUR POWER BUSES 
IN EACH SRB 

• DC TO 20 KHZ ALTERNATING CURRENT 
(AC) POWER CONVERSION 

• SWITCHING CONTROLS AND CIRCUIT 
INTERRUPTERS 


• PROVIDE VOLTAGE AND CURRENT 
MEASUREMENTS AND STATUS 
SIGNALS TO DPS AND DISPLAYS 

• POWER CABLES IN ORBITER LOCATED 
GENERALLY THE SPACE AS EXISTING 
HYDRAULIC LINES 

• POWER CABLES IN SRB'S TO BE DETERMINED 


RATIONALE/REMARKS 

• FO/FS FOR 4-CHANNEL EFFECTOR SYSTEMS 
AND FAILSAFE (FS) FOR 2-CHANNEL SYSTEMS 


• PROVIDE AC TO POWER CONTROLLER FOR RE- 
DUCED LOSSES AND THERMAL IMPACTS 

• ALLOW DISCONNECTING BATTERIES FOR RE- 
PLACEMENT OR RECHARGING OR ISOLATION OF 
SHORTS AND OTHER FAULTS 

• PROVIDE POEWR STATUS AND FEEDBACK FOR 
FLIGHT CONTROL 


. AVAILABLE ROUTING SPACE 
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Rockwell International 

Space Systems Division 


BASELINE FOR ELA INTERFACE SYSTEMS: DATA PROCESSING SYSTEM 

(PRELIMINARY) 


ELA BASELINE 

• CONTROLLER INTERFACE WITH GPC DATA BUS 

• EFFECTOR COMMANDS 

• ELA FEEDBACK DATA 

• UPDATED CRT DISPLAYS 

• DISPLAY ELA POSITIONS, CURRENTS, 
VOLTAGES, STATUS, ETC. 

• GENERATE ISOLATE OR RESET COMMANDS 

• OTHERS (TO BE DETERMINED) 


RATIONALE/REMARKS 

• ELIMINATE NEED FOR MDM 

• PROVIDE ELA DATA TO CREW AND FOR 
DOWNLIST 

• PROVIDE CREW FDI OVERRIDE CAPABILITY 


Rockwell International 

Space Systems Division 
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BASELINE FOR ELA INTERFACE SYSTEMS: DISPLAYS AND CONTROL 

(PRELIMINARY) 


ELA BASELINE RATIONALE/REMARKS 

• PANEL METERS FOR POWER SYSTEM • PROVIDE CREW VISIBILITY OF ELA OPERATION 

VOLTAGES AND EFFECTOR POSITIONS 

• SWITCHING CONTROLS AND CIRCUIT • PROVIDE CAPABILITY TO ISOLATE FAULTED 

INTERRUPTERS CIRCUITS AND DISCONNECT BATTERIES FOR 

RECHARGING 

• OTHERS (TO BE DETERMINED) 


Rockwell International 

Space Systems Division 
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BASELINE FOR ELA INTERFACE SYSTEMS: STRUCTURE 

(PRELIMINARY) 


ELA BASELINE 

• NEW ELECTRONICS BAY 7 MOUNTED ON 
1307 BULKHEAD 

• EXISTING ATTACH POINTS FOR PRESENT 
HYDRAULIC ACTUATORS 


RATIONALE/REMARKS 

. PROVIDE MOUNTING SPACE AND COLD 
PLATE FOR POWER CONTROLLERS 

. ELA SYSTEM ACTUATOR ASSEMBLIES TO BE 
DESIGNED TO FIT SAME SPACE AND ATTACH 
POINTS AS PRESENT HYDRAULIC ACTUATORS 


• ADDITIONAL MOUNTING PROVISIONS TO BE 
DETERMINED 

• LOCATION OF ELA EQUIPMENT: 

SEE CHARTS 56 THROUGH 60 FOR EXAMPLE 


Rockwell International 

Space Systems Division 


78 



BASELINE FOR ELA INTERFACE SYSTEMS: THERMAL CONTROL 

(PRELIMINARY) 


FLA BASELINE 


• ACTIVE COOLING (COLD PLATE) FOR 
POWER CONTROLLERS AND SERVO 
AND FDI CONTROLLERS 

• PASSIVE COOLING (AIR OR HEAT SINK) FOR 
BATTERIES AND ACTUATOR ASSEMBLIES 

• OTHERS (TO BE DETERMINED) 


RATIONALE/REMARKS 


• REQUIRED BY RELATIVELY HIGH HEAT LOSS, 
ELECTRONICS SENSITIVE TO HEAT 


. LOW HEAT LOSS AND HEAT SINK TO FR \ME 
CAPABILITY 


79 




Rockwell International 
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POWER AND ENERGY REQUIREMENTS 
FOR SHUTTLE EFFECTOR SYSTEMS 

THE MECHANICAL (OR OUTPUT) POWER AND ENERGY REQUIREMENTS FOR EACH INDIVIDUAL 

THE METHODS DATA AND RESULTS FROM THE CALCULATION OF THE SUBJECT REQUIRE- 
’ MensAK preSento W THIS SECTION AS FOLLOWS. 

• METHODS: SEE CHART 82. 

THE DATA USED ^^^JJ^9^[j^i^L*?p0^QBECAUSE^niS^AREREPffil^^nwfwE^FTHE^ 
SHUnLE l E^KTOFr^ , STEM^UNDERfSwNAL AND^DFF-NOMINAL CONDITIONS. THE RESULTS 
WILLBE PRESENTED IN THE FINAL REPORT. 


Rockwell International 

Space Systems Division 
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METHODS FOR CALCULATION OF EFFECTOR SYSTEM 
POWER AND ENERGY REQUIREMENTS 


SSSESSi SSHK2SE Shod SISISS, 

BE CALCULATED BY THE FOLLOWING EQUATIONS. 

P(t) = 2.64 k L (l) R (I) HORSEPOWER (HP) 


E(t) = fj P(t) dt 


HP - SECONDS (HPS) 


WHERE L(t) AND R(l) ARE THE THE PEAKPOWER RWI^REMEnToCCURS WHEN THE ' 

AS FUNCTIONS OF TIME t (SECONDS). THE P^K POWEH HbUUincjjc TH g FACTOR k (k£l) 

PRODUCT OF L AND R n !« vioffs^l N ToA D S AND RATES AS THE RESULTS OF MISSION 

AND OFF-NOMINAL CONDmONS. 

(k MAY BE STATISTICAL AND TIME DEPENDENT.) 


Rockwell International 

Space Systems Division 
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DATA FOR CALCULATION OF EFFECTOR SYSTEM 
POWER AND ENERGY REQUIREMENTS 


SRM-TVC 


SSME - TVC 


OMS - TVC 

ELEVONS 

RUDDER 

SPEEDBRAKE 

BODYFLAP 

AUXILIARY 


CONDITIONS — 

NOMIINAL 

OFF-NOMINAL (TRAJECTORY VARIATIONS) 

OFF-NOMINAL (3 DISPERSION & ENGINE OUT) 
NOMINAL AND OFF-NOMINAL 
NOMINAL AND OFF-NOMINAL '* 

NOMINAL AND OFF-NOMINAL I ^NOMINAL 


DATA (LOAD S & RATES1 


NOMINAL AND OFF-NOMINAL p^,lur| TS 
NOMINAL AND OFF-NOMINAL , 

NOMINAL AND OFF-NOMINAL 


84-87 

88-91 

93-106 
107-1 12 C 


113-120 
121 -122 
123-124 
125 - 126 


TYPES SOURCES 


S, A, T 
S, A 


S, A,T,F 
S, A 


N0TES: d L ?t\ D ^ 

S^AloURCESrlf JaSA-MSFC; 2 = NASA JSC; 3 = ROCKWELL 


Rockwell Internalional 

Space Systems Division 
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SRM NOZZLE LOAD ON ROCK OR TILT ACTUATOR VERSUS 
MISSION TIME AND GIMBAL ANGLE 



SAB 

NOZZLE 

LOAD, 

MILLION 

IN-LBS 


NOTE: AN AERODYNAMIC LOAD 
(ABOUT 0.17 MILLION IN-LBS 
MAXIMUM) SHOULD BE ADDED 
TO THE NOZZLE LOAO IN ORDER 
TO OBTAIN THE TOTAL LOAD ON 
THE ACTUATOR. 


40 60 80 100 
ASCENT MISSION TIME, SECONDS 




Rockwell International 

Space Systems Division 


NOZZLE 

GIMBAL 

ANGLE, 

DEGREES 


estimated srm sideloads at ignition and shutdown 


IMPACT ON POWER OR ENERGY REQUIREMENTS. 



Rockwell International 

Space Systems Division 
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RATE. DEG/SEC POS.DEG 


POSITION AND RATES OF RIGHT SRM - TVC ACTUATORS DURING 

NOMINAL ASCENT 
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SRM NOZZLE GIMBAL RATES VERSUS MISSION TIME FOR RIGHT -SRB TVC 
ACTUATORS WITH NO FAILURES (150 SIMULATED STS-1 MISSIONS) 



: 

u 

& 


TIm, Itcwdi 
ROCK ACTUATOR 
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SRM NOZZLE GIMBAL RATES VERSUS MISSION TIME FOR LEFT-SRB TVC 
ACTUATORS WITH.NO FAILURES (150 SIMULATED STS-1 MISSIONS) 





LOADS ON SSME-TVC EFFECTORS (FLIGHT DATA) 


THE LOADS (T) ON THE SSME-TVC EFFECTORS (OR ACTUATORS) ARE CALCULATED BY THE 
FOLLOWING EQUATION: 

T = (AP) • (A) • (L) IN-LBS 


IsME^C ACTUATORS; L IS EQUAL TO 29.74 FOR EACH ACTUATOR. 


Rockwell International 

Space Systems Division 
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MEASURED PRIMARY PRESSURES OF SSME-TVC ACTUATORS DURING STS-4 ASCENT 


PRIMARY PRESSURE (PSID) 




■ ■I 


VMM 41 M MM Ml 


SSME 2 PITCH 


SSME 1 YAW 


NO DATA AVAILABLE 






ASCENT MISSION TIME (SECONDS) 

0A Rockwell International 

Space Systems Division 
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ESTIMATED SSME SIDELOADS AT IGNITION AND SHUTDOWN 


FIRING TESTS HAVE INDICATED THAT THE SSME EFFECTOR SYSTEMS MAY 
EXPERIENCE SIDELOADS AT IGNITION AND SHUTDOWN BUT THE SIDELOADS 
HAVE NO IMPACT ON POWER OR ENERGY REQUIREMENTS. 


Loads on the Pitch TVC Actuator of SSME #2 During 
SSME Ignition, Ignition Command at *3.89 Seconds 
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MEASURED POSITIONS OF SSME-TVC ACTUATORS DURING STS-2 ASCENT 
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POSmONS AND RATES OF SSME-TVC ACTUATORS DURING 
NOMINAL ASCENT: SSME 1 (UPPER ENGINE) 










POSITIONS AND RATES OF SSME-TVC ACTUATORS DURING 
NOMINAL ASCENT: SSME 2 


STS-56 FIRST STAGE ASCENT SIMULATION. NOMINAL ASCENT 
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POSITIONS AND RATES OF SSME-TVC ACTUATORS DURING ASCENT 
WITH 3-SIGMA DISPERSION: SSME 2 


STS-56 FIRST STAGE ASCENT SIMULATION. 3 SIGMA DISPERSION 
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POSITIONS AND RATES OF SSME-TVC ACTUATORS DURING ASCENT 
WITH 3-SIGMA DISPERSION: SSME 3 
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POSITIONS AND RATES OF SSME-TVC ACTUATORS DURING ASCENT 
WITH ONE ENGINE OUT: SSME 2 
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SSME TVC ACTUATOR POSITION AND RATE DURING ASCENT 

STS-53 SECOND STAGE ASCENT SIMULATION. NOMINAL MISSION 
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SSME TVC ACTUATOR POSITION AND RATE DURING ASCENT 


STS-53 SECOND STAGE ASCENT SIMULATION. NOMINAL MISSION 
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DYNAMICS OF LEFT OUTBOARD ELEVON DURING NOMINAL ENTRY 
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DYNAMICS OF RIGHT OUTBOARD ELEVON DURING OFF-NOMINAL ENTRY 
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DYNAMICS OF LEFT INBOARD ELEVON DURING OFF-NOMINAL ENTRY 


a 10 

a 

5 


500 1000 1500 2000 

TIME, BBC 


“ 400000 

^ 300000 

200000 
g 100000 

o 0 

36 -100000 

o -200000 
£ -300000 



500 1000 1500 2000 

TIKB, BBC 


20 
o 15 
# 10 
S 5 
° 0 

2 .in 





500 1000 1500 2000 

TIKB, BBC 


is °- 

>? o 

cx «S 

5 c/i 

5 . ^ 

5? -io.o 


-15.0 



500 1000 1500 2000 

TIKB, BBC 


Pros Entry Interface to End of Rollout 


0120 SAIL TEST DATA 


M Rockwell International 

^ Space Systems Division 







RATE. DEG/SEC POSITION. DEG 


DYNAMICS OF LEFT OUTBOARD ELEVON DURING OFF-NOMINAL ENTRY 


^ lOOOOO 
z 50000 



500 1000 1500 2000 



Proa Entry Interface to End of Rollout 


0120 SAIL TEST DATA 


Rockwell International 

Space Systems Division 








AU1N3 1VNIWON ONIHOQ 030000 dO SOIWVNAO 





DYNAMICS OF RUDDER DURING OFF-NOMINAL ENTRY 
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DYNAMICS OF SPEEDBRAKE DURING NOMINAL ENTRY 


gpg 

22 

■■II 

p 

mm 

■p 


■HI VII 

p p 

■HI 

mm 

p 

IPH 

PPPP 

^HH 

■ 

■■ 

pp 

|pp 

pp 

pi 

wmm 

ppin 

1 

I^H 

■ 

|P 

PI 

pp| 

■HI 

phh 

ppi 

PHIM 

IS 

non 

■Jill 

■rift 

pH 

BHH 

pp| 

PUP 

PPI 

wmm 

■11 

1 


mm 

ppp 


phh 

ppi 

■H 

mtm 


HHHI 

p 

ppi 

■P 

mm 

wmtwwm 

mm 

■ 

iii 

H 

p p 

p 

■HI 

hph 

\mm 

■ii 

IHBI 

■ 

IBj 

pH 

■ 

■ 



\mm 


IBP 

5 

SSL 


MOO 1300 1400 MOO iaoo 
HMC.KC 


3 IjOOOJOOO 

S 800000 
£ 600000 
§ 400000 

I 200000 
s n 


■■ 

■p 

mpi 

pi 

pi pi 

pi jp 

■■PHi 

■!■ 

PP 

p[ pi 

■PHI 

mm 

PP 

pi | 

HHHH 

n 


■HI 1 

pm 

■ : ifl 


o 200 400 600 800 WOO 1200 1400 1600 1800 2000 

HMC.scc 


IHSli' 


E 

in 

bbbSH 


p| | 


1111 1 


1 


SSSSSSSm— i 


600 800 1000 1200 1400 1600 1800 

TH4C.SCC 


|| -5! 

O* -Ml 


0 200 400 600 BOO WOO 1200 1400 1600 1800 2000 

t!MC,SiC 


From Inky Interface to End of flolod 


Rockwell International 

A Space Systems Division 











RATE, DEG/SEC POSITION. DEG 


DYNAMICS OF SPEEDBRAKE DURING OFF-NOMINAL ENTRY 










DYNAMICS OF BODYFLAP DURING NOMINAL ENTRY 
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POWER AND ENERGY DATA FOR OTHER EFFECTORS 


EFFECTOR 
(TQTAL NUMBER! 


OUTPUT POWER 
REQUIRED. HP 


MISSION ON 
TIME. SEC 


DATA 

SOURCE 


OMS - TVC'S (6) 

SSME VALVES (15) 

ET UMBILICALS (6) 

MAIN GEAR UPLOCKS (2) 
NOSE GEAR UPLOCK (1) 
MAIN GEAR STRUTS (2) 
NOSE GEAR STRUT (1) 
NOSEWHEEL STEERING 
BRAKES (4) 


1 


3.3, 1.5, 1.1, 1.1, 1.1 


(D 


1.0 

5.0 

2.0 

5.0 

2.0 
3.7 
9.0 


ON ORBIT ONLY 
5 

1 0 
5 
5 
5 
5 

60 

60 


ESTIMATE 
NASA JSC DATA 
NASA JSC DATA 
NASA JSC DATA 
NASA JSC DATA 
NASA JSC DATA 
NASA JSC DATA 
RATE VS LOAD 
NASA JSC DATA 


POWER AND ENERGY REQUIREMENTS ON ORBIT ARE NEGLIGIBLE. 
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LOADS ON SRM-TVC EFFECTORS 



ErISlD IN CHART 84 AS AFUNCTON OF NOZZLE ANGLE (A) AND TIME. THE AERODYNAMIC 

S 7 Function ofi the dynamic pressure <qbr» and was estimated from an 
^ALyIiS OT WIND TUNNEL I D^ TOE TOTAL LOADS (L) ON THE SRM-TVC EFFECTORS ARE 
CALCULATED BY THE FOLLOWING EXPRESSION: 

L = T(A) - 314* QBR IN -LBS. 
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HORSEPOWER NOZZLE LOAD, IN-LB 









HORSEPOWER NOZZLE LOAD, IN-LB 


SRB TVC ACTUATOR NOZZLE LOAD AND POWER DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION, NOMINAL MISSION 
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HORSEPOWER NOZZLE LOAD, IN-LB 


SRB TVC ACTUATOR NOZZLE LOAD AND POWER DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. 3 SIGMA DISPERSION 


LEFT SRB TILT 
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HORSEPOWER NOZZLE LOAD, IN-LB 


SRB TVC ACTUATOR NOZZLE LOAD AND POWER DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. 3 SIGMA DISPERSION 


RIGHT SRB TILT 
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HORSEPOWER NOZZLE LOAD, IN-LB 


SRB TVC ACTUATOR NOZZLE LOAD AND POWER DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION, ENGINE 2 FAILED AT LIFTOFF 
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HORSEPOWER NOZZLE LOAD, IN-LB 


SRB TVC ACTUATOR NOZZLE LOAD AND POWER DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. ENGINE 2 FAILED AT LIFTOFF 
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ESTIMATED LOADS ON SSME-TVC EFFECTORS (SIMULATION DATA) 


THE LOADS ON THE SSME-TVC EFFECTORS (OR ACTUATORS) ARE ASSUMED TO INCLUDE 
THREE PRINCIPAL COMPONENTS: (1) AERODYNAMIC LOAD, (2) GIMBAL FRICTION AND (3) 
THRUST OFFSET LOAD. 

THE ESTIMATED AERODYNAMIC LOADS ARE CALCULATED BY THE FOLLOWING EXPRESSIONS: 


PITCH YAW 

SSME 1 (61 1 .9 - 64.3 PIPOSN)QBR (1 38.2 - 68.3 YIPOSN) QBR 

SSME 2 -404.1 QBR (-192.4 - 62.9Y2POSN) QBR 

SSME 3 -404.1 QBR (+192.4 - 52.9Y3POSN) QBR 

THE NUMERICAL VALUES ARE BASED ON AN ANALYSIS OF WIND TUNNEL DATA, AND QBR 
IS THE DYNAMIC PRESSURE PRESENTED IN CHART- . 


THE GIMBAL FRICTION IS REPRESENTED AS 223750*SIGN (GIMBAL RATE) WHERE THE 
NUMERICAL VALUE IS BASED ON THE CURRENT MATH MODEL OF THE HYDRAULIC SSME-TVC 
EFFECTOR SYSTEM ON THE SPACE SHUTTLE. 


THE THRUST OFFSET LOAD IS CALCULATED BY THE FOLLOWING EQUATIONS: 

THRUST: T = 400000 LB 

MAXIMUM OFFSET: D = 0.6 IN 

NO. OF ACTUATORS: N = 6 ^ 

LOAD PER ACTUATOR: L = TDA/N = 100000 IN-LB. 

HOWEVER, 240000 IN-LB (L =TD) WAS USED FOR SSME 1 PITCH. THE LOADS USED ARE: 


PITCH 

SSME 1 +240000 IN-LB 
SSME 2 +100000 IN-LB 
SSME 3 -100000 IN-LB 


YAW 

+100000 IN - LB 
- 100000 IN - LB 
+100000 IN - LB 
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SSME TVC ACTUATOR LOAD AND POWER DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. 3 SIGMA DISPERSION 
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HORSEPOWER GIMBAL LOAD, IN- 


SSME TVC ACTUATOR LOAD AND POWER DURING ASCENT 

STS-56 FIRST STAGE ASCENT SIMULATION, 3 SIGMA DISPERSION 
SSME #2 PITCH 
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HORSEPOWER GIMBAL LOAD, IN- 


SSME TVC ACTUATOR LOAD AND POWER DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. 3 SIGMA DISPERSION 
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HORSEPOWER GIMBAL LOAD, IN- 


SSME TVC ACTUATOR LOAD AND POWER DURING ASCENT 


STS-53 SECOND STAGE ASCENT SIMULATION. NOMINAL MISSION 
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HORSEPOWER GIMBAL LOAD, IN- 


SSME TVC ACTUATOR LOAD ANI 
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AEROSURFACE ACTUATOR LOAD AND POWER OUTPUT DURING ENTRY 



SEE CHARTS 113-126 FOR HINGE MOMENT AND OUTPUT 
POWER VERSUS MISSION TIME DURING ENTRY AND LANDING. 
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5.0 INPUT POWER AND ENERGY REQUIRED BY ELA EFFECTOR SYSTEMS 
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ESTIMATED POWER EFFICIENCY AND LOSSES OF 
EQUIPMENT IN SHUTTLE ELA EFFECTOR SYSTEMS 


EFFECTOR SYSTEM 

SRM - TVC 

SSME-TVC 

ELEVON 

RUDDER 

SPEEDBRAKE 

BODYFLAP 



90% 

90% 

90% 

90% 

90% 

90% 




0.5 X 2.644 X T 95% 
1.0X2.644 XT 95% 
3.0X2.644 XT 95% 
1.4X2.644 XT 95% 
0.6 X 2.644 X T 95% 
0.3 X 2.644 X T 95% 




80% 

80% 

80% 

95% 

95% 

95% 


80% 

80% 

80% 


* POWER CONTROLLER LOSS WHILE HOLDING EFFECTOR POSI 
CONSTANT LOAD WHERE T = EFFECTOR LOAD IN IN-LB. THIS LOSS WAS NOT 

INCLUDED IN THE PLOTS. 

~ ELEVON LOAD INCLUDES 9000 IN-LB FRICTION PLUS HINGE MOMENT. 
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ESTIMATED POWER EFFICIENCY AND LOSSES OF EQUIPMENT 
IN SHUTTLE ELA EFFECTOR SYSTEMS (CONTINUED) 


SERVO & FDI CONTROLLER POWER INPUT IS ESTIMATED TO BE SOW EACH, OR 200W TOTAL. 
TO CONFIRM OR UPDATE THESE VALUES. 

SSSESF— 

ARI^DIVIMD < E^NL^BETWEEN THE ACTWE CH/U4NE^S^'‘nV|^ LOSS^PER^CHANNEMS THERE^ 

FORE THE TOTAL LOSS DIVIDED BY THE NUMBER OF ACTIVE CHANNELS. 


Rockwell International 

^ Space Systems Division 


139 



CALCULATION OF INPUT POWER AND ENERGY FROM OUTPUT POWER AND EFFICIENCY 

THE POWER INPUT INTO THE ELA WITH OPPOSING LOAD IS CALCULATED BY THE FOLLOWING 
EQUATION: 


KW = 0.746 HP/EFF1 

WHERE KW IS INPUT POWER IN KILOWATTS, HP IS OUTPUT HORSEPOWER AND EFR IS THE 
ELA SYSTEM EFFICIENCY. 


lAfii-u ocruADPARI F RATTERIES AND AIDING LOAD, THE POWER RETURNED TO THE BATTERIES 
'fOR UVTE^USE^BY^EGENERATION IS CALCULATED by THE FOLLOWING EQUATION: 


KW = (0.746 HP) (EFF1) (EFF2) 

WHERE EFF2 IS THE BATTERY RECHARGING EFFICIENCY. 

• ENERGY SUPPLY IS THE TIME INTEGRAL OF THE SUPPLIED POWER. 

KWH = /KW dt 

NOTE THAT THE REGENERATION POWER IS NEGATIVE SUPPLIED POWER. 
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CA LCU LATION RESULTS: POWER AND ENERGY REQUIREMENTS FOR SHUTTLE EFFECTORS 


EFFECTOR 


PEAK POWER PER ELA, KW 
mURATION T SECONDS) 


SRM - TVC 
SSME - TVC 
UPPER PITCH 
LOWER PITCH 
YAW 

ELEVONS 

INBOARD 

OUTBOARD 

RUDDER 

SPEEDBRAKE 

BODYFLAP 

MAIN GEAR UPLOCKS 
NOSE GEAR UPLOCK 
NW STEERING 
BRAKES 


12 ( 1 ) 

7.0 (1) 

20 ( 1 ) 

13 (1) 

8.8 ( 1 ) 

5.2 (1) 

1.0 (5) 
15 (1) 
1.5 (1) 

5.3 (5) 

2.1 (5) 

5.3 (60) 
13 (60) 


* SAME AS FOR PEAK POWER 


AVG. POWER PER ELA, KW 
(DURATION MINUTES) 

0.42 (2) 

1st STAGE, 2nd STAGE 
0.63 (2), 0.08 (6.4) 

0.69 (2), 0.16 (6.4) 

0.31 (2), 0.09 (6.4) 

0.21 (18) 

0.09 (18) 
NEGLIGIBLE 
0.22 (18) 

0.01 (18) 


* 
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SRB TVC ACTUATOR INPUT POWER DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. NOMINAL MISSION 
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SRB TVC ACTUATOR INPUT POWER DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. ENGINE 2 FAILED AT LIFTOFF 
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INPUT PWR, KW INPUT PWR, KW 
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SRB TVC ACTUATOR INPUT POWER DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION, 3 SIGMA DISPERSION 


RIGHT SRB TILT 




RIGHT SRB ROCK 
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SRB TVC ACTUATOR INPUT ENERGY DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. NOMINAL MISSION 
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SRB TVC ACTUATOR INPUT ENERGY DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. 3 SIGMA DISPERSION 


LEFT SRB TILT 


LEFT SRB ROCK 
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SRB TVC ACTUATOR INPUT ENERGY DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. ENGINE 2 FAILED AT LIFTOFF 


LEFT SRB TILT 
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SRB TVC ACTUATOR INPUT ENERGY DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. NOMINAL MISSION 
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INPUT ENERGY, KWH INPUT ENERGY, KWH 


SRB TVC ACTUATOR INPUT ENERGY DURING ASCENT 

STS-56 FIRST STAGE ASCENT SIMULATION, 3 SIGMA DISPERSION 


RIGHT SRB ROCK 



4ft Rockwell International 

space Systems Division 


5 





SRB TVC ACTUATOR INPUT ENERGY DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. ENGINE 2 FAILED AT LIFTOFF 
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SSME TVC ACTUATOR INPUT POWER DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION, 3 SIGMA DISPERSION 
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20 140 
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fl 
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SSME TVC ACTUATOR INPUT POWER DURING ASCENT 

STS-56 FIRST STAGE ASCENT SIMULATION. 3 SIGMA DISPERSION 


C CMC JkO VA\A/ 
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INPUT PWR.KW INPUT PWR.KW 


SSME TVC ACTUATOR INPUT POWER DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. 3 SIGMA DISPERSION 












INPUT PWR.KW INPUT PWR.KW 


SSME TVC ACTUATOR INPUT POWER DURING ASCENT 


STS-53 SECOND STAGE ASCENT SIMULATION. NOMINAL MISSION 
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INPUT PWR.KW INPUT PWR.KW 


SSME TVC ACTUATOR INPUT POWER DURING ASCENT 


STS-53 SECOND STAGE ASCENT SIMULATION. NOMINAL MISSION 
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SSME TVC ACTUATOR INPUT ENERGY DURING ASCENT 


STS-56 FIRST STAGE ASCENT SIMULATION. 3 SIGMA DISPERSION 


SSME #2 PITCH 


SSME #2 YAW 
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INPUT ENERGY, KWH INPUT ENERGY, KWH 


SSME TVC ACTUATOR INPUT ENERGY DURING ASCENT 
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INPUT ENERGY, KWH INPUT ENERGY, KWH 


SSME TVC ACTUATOR INPUT ENERGY DURING ASCENT 
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INPUT ENERGY, KWH INPUT ENERGY , KWH 


SSME TVC ACTUATOR INPUT ENERGY DURING ASCENT 


STS-53 SECOND STAGE ASCENT SIMULATION. NOMINAL MISSION 
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SSME #3 YAW 
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INPUT ENERGY, INPUT POWER, KW 



INPUT ENERGY, INPUT POWER. KW 


POWER AND ENERGY REQUIREMENTS FOR THE MPS TVC ELA SYSTEMS 

STS- 1 FLIGHT DATA 
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POWER AND ENERGY REQUIREMENTS FOR THE ELEVON ELA SYSTEMS 

01-20 SAIL TEST DATA. NOMINAL ENTRY FROM ENTRY INTERFACE TO END OF ROLLOUT 
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INPUT ENERGY, KWH INPUT POWER. KW 


POWER AND ENERGY REQUIREMENTS FOR THE ELEVON ELA SYSTEMS 

01-20 SAIL TEST DATA. NOMINAL ENTRY FROM ENTRY INTERFACE TO END OF ROLLOUT 
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POWER AND ENERGY REQUIREMENTS FOR THE RUDDER AND SPEEDBRAKE ELA SYSTEMS 


01-20 SAIL TEST DATA. NOMINAL ENTRY FROM ENTRY INTERFACE TO END OF ROLLOUT 


RUDDER 



5 2.0E-03 
. 1.5E-03 
^ 1.0E-03 
r 5.0E-04 
5 0.0E+00 
| -5.0E-04 


NO REGENERATION 
WITH REGENERATION 



500 1000 1500 2000 

TIME, SEC 
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POWER AND ENERGY REQUIREMENTS FOR THE BODYFLAP ELA SYSTEM 

01-20 SAIL TEST DATA. NOMINAL ENTRY FROM ENTRY INTERFACE TO END OF ROLLOUT 

BODYFLAP 
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POWER AND ENERGY REQUIREMENTS FOR ELA POWER SOURCES 


THE SUBJECT POWER AND ENERGY REQUIREMENTS ARE NEEDED IN ORDER TO 
DESIGN THE POWER SOURCES FOR THE ELA EFFECTOR SYSTEMS IN THE ORBITER 
AND EACH OF THE TWO SRB’S. A POWER SOURCE IS A SYSTEM WHICH MAY 
CONTAIN REDUNDANT ELEMENTS SUCH AS BATTERIES, FUEL CELLS, ETC. TO 
PROVIDE ELECTRICAL POWER FOR THE ELA EFFECTOR SYSTEMS. 

THE REQUIREMENTS INCLUDE: (1) PEAK POWER AND THE DURATION OF THE PEAK, 
(2) AVERAGE POWER AND THE OPERATING DURATION, (3) TOTAL ENERGY FOR THE 
MISSION, AND (4) POWER AND ENERGY DEMANDS AS FUNCTIONS OF MISSION TIME 
(DUTY CYCLES). 

THE METHODS, DATA AND RESULTS FROM THE CALCULATION OF THESE REQUIRE- 
MENTS ARE PRESENTED IN THIS SECTION AS FOLLOWS. 


• METHODS: SEE CHART 174 . 

• RESULTS: SEE CHARTS 175 THROUGH 180 . 
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METHOD FOR CALCULATION OF POWER SOURCE REQUIREMENTS 


THE POWER AND ENERGY REQUIREMENTS FOR ELA POWER SOURCE IN THE ORBITER 
(OR IN EACH ONE OF THE TWO SRB’S) ARE CALCULATED AS FOLLOWS. 

• POWER REQUIREMENTS 


POWER REQUIRED 


SUM OF INPUT POWER 
REQUIREMENTS OF ELA 

FOR ELA POWER 

— 

EFFECTOR SYSTEMS IN THE 

SOURCE IN ORBITER 


ORBITER (SRB) VERSUS 

(SRB) 


MISSION TIME 


• ENERGY REQUIREMENTS 


ENERGY REQUIRED FOR 
ELA POWER SOURCE IN 
ORBITER (SRB) 


SUM OF INPUT POWER 
REQUIREMENTS OF ELA 
EFFECTOR SYSTEMS IN THE 
ORBITER (SRB) VERSUS 
MISSION TIME 
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CALCULATION RESULTS: POWER AND ENERGY REQUIREMENTS FOR 

ELA POWER SOURCES 



— " ISSSSSSs" 

11.3 KILOWATTS (KW). 


vnsiKW/. 

THE ABOVE REQUIREMEI^S ARE IND^EN^NT^FTH^REDU^^^CY^OFTHE^ 

BATTERIES) 
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TOTAL POWER AND ENERGY REQUIREMENTS FOR THE SSME-TVC ELA SYSTEMS 

FIRST STAGE, 3 SIGMA DISPERSION 
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TOTAL POWER AND ENERGY REQUIREMENTS FOR THE MPS TVC ELA SYSTEMS 


STS- 1 FLIGHT DATA 
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TOTAL POWER AND ENERGY REQUIREMENTS FOR THE AEROSURFACE ELA SYSTEMS 
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From Entry Interlace to End of Rollout 
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TOTAL ENERGY, POWER, KW 


TOTAL POWER AND ENERGY REQUIREMENTS FOR THE SRM ELA SYSTEMS 


STS-56 Flight Simulation, 3 Sigma Dispersion 

LEFT SRB 


RIGHT SRB 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 
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CONCLUSIONS 


• THE RESULTS OF THE STUDY INDICATE MAGNITUDES OF PEAK POWER, AVERAGE 
POWER AND ENERGY WELL WITHIN THE PREVIOUS ESTIMATES AND EFFECTOR 
DESIGN VALUES. THE SIMULATION AND FLIGHT DATA USED FOR THE ANALYSIS 
WERE OBTAINED FOR SPECIFIC FLIGHTS. THE RESULTS SHOULD BE CONSIDERED 
TO BE GENERALLY TYPICAL AND DO NOT NECESSARILY INCLUDE WORST CASE 
MANEUVERS. 

• THE DATA SHOW VERY FEW BURSTS OF EFFECTOR INPUT POWER EXCEEDING 
ABOUT 5 KW OF INPUT POWER. THE PEAK ELEVON POWER OUTPUT OCCURS 
DURING A SHORT PERIOD ON LANDING WITH FEW PEAKS EXCEEDING 2 KW DURING 
FLIGHT PRIOR TO LANDING. 

• THE SPACE SHUTTLE EFFECTOR SYSTEMS TYPICALLY EXPERIENCE AIDING LOADS 
AS WELL AS OPPOSING LOADS. THE ELA SYSTEM MUST THEREFORE BE CAPABLE 
OF HANDLING THE ENERGY RETURNED TO THE SYSTEM BY THE AIDING LOADS AS 
WELL AS PROVIDING THE REQUIRED POWER FOR THE OPPOSING LOADS. 
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RECOMMENDATIONS 



PERFORM TESTS ON REPRESENTATIVE ELA SYSTEMS AND OPPOSING 

t nine civcn I OADS AND FLIGHT LOAD PROFILES TO (1) DETERMINE THE EFFECTS 
fmIray RETURNED 1 TO THE ELA SYSTEM BY THE AIDING LOADS AND OF 
THE FLIGHT PROFILE TIME CHARACTERISTICS ON THE ELA SYSTEM AND (2) OBTAIN 
pSwER AND ENERGY DATA TO CONFIRM OR UPDATE THE SYSTEM EFFICIENCIES 

AND LOSSES. 

srsssrjrri 

AND TO EVALUATE ANY EFFECT ON THE ELA LOSSES DUE TO THE FLIGHT PROFILE 
CHARACTERISTICS. 
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